Abstract. In this work we present an experimental study of the 3D laminar flow of Newtonian and Boger fluids through square-square expansions with expansion ratios of 1:2.4, 1:4, 1:8 and 1:12. Visualizations of the flow patterns were performed using streak line photography and the velocity field of the flow was measured in detail using Particle Image Velocimetry (PIV). The experimental results obtained with the Newtonian fluid are compared with numerical predictions. The numerical code used is based on a Finite-Volume method and an excellent agreement is found between experimental and numerical results. For all expansion ratios studied, a Moffatt comer vortex is observed downstream of the expansion and an increase in the flow inertia leads to an enhancement of the vortex size. On the other hand, the viscoelastic fluid flow also reveals the existence of a comer vortex downstream of the expansion, which decreases in size and strength when the Deborah number is increased. The vortices in square-square expansion flows exhibit a three-dimensional structure evidenced by a helical flow, which is well predicted by numerical simulation in the Newtonian fluid flow case.
INTRODUCTION
The square-square (SQ/SQ) geometry is an useful arrangement to study three-dimensional flow behavior. Due to its geometrical simplicity allied to the inherent complex 3D flow patterns [1, 2] , it can be set as an interesting test-case for validation of 3D numerical codes.
The viscoelastic fluid flow through this geometry, acting as a contraction, reveals different flow patterns (vortex growth, diverging flow and unstable flow), depending on the Deborah number [1] [2] [3] for a contraction ratio of 4. For other contraction ratios Sousa et al. [4] analyzed the effect of the contraction ratio upon the flow patterns of a Newtonian and a Boger fluid and showed that in the viscoelastic case, at high contraction ratios and high De, localized diverging streamlines appear near the contraction entrance. Oppositely, in the viscoelastic flow through square-square expansions the flow patterns are similar for all De studied and the vortex size decreases with an increase of fluid elasticity [2] . In contrast, the expansion flow of a Newtonian fluid presents an increase of the vortex size with increasing inertia (flow rate).
In this paper, we present an experimental study of a Newtonian and a Boger fluid flowing through square-square abrupt expansions. Moreover, we investigate the effect of the expansion ratio on the flow patterns. The results obtained with the Newtonian fluid are compared with numerical predictions in order to validate the experimental technique. Table 1 . The fluids used in the experiments were characterized rheologically using a shear rheometer (Anton Paar, model Physica MCR301). For the Newtonian fluid, only steady shear measurements were made and the shear viscosity obtained at 20.0 °C was t] = 0.0982 Pa-s.
EXPERIMENTAL AND NUMERICAL TECHNIQUES

Fluid
Newtonian Boger For the viscoelastic fluid, dynamic shear measurements were also performed. The shear viscosity of the Boger fluid is 0.447 Pas and the relaxation time is A= 3.285 s, both at 20.0 °C. Further details of the steady and dynamic measurements carried out for the Boger fluid are described in [4] .
The channel used in the experiments is made of transparent acrylic and is composed of two parts: the downstream square duct with a fixed size oflHj = 24 mm, and the upstream square duct with a size, 2Hi, that was varied, in order to obtain the desired expansion ratios, ER = Hj/Hi.
Visualization of the flow patterns were carried out through streak line photography and the velocity field was measured using Particle Image Velocimetry (PIV). In order to perform the optical experiments, the fluids were seeded with 10 ixm PVC tracer particles in a concentration of approximately 30 ppm. In streak line photography, the plane of the flow under study was continuously illuminated using a 532 nm 3 mW laser diode (Imatronic, model LLM115) or a 635 nm 5 mW laser diode (Vector, model 5200-20), depending on the flow rate ranges. The images were captured using a Canon EOS 30D digital camera equipped with a macro lens (Canon EFlOOmm, f/2.8) and the exposure time was adjusted depending on the flow conditions, ranging from ^ (1 s) to ^ (10^ s). In the velocity field measurements, the flow plane under investigation was illuminated using a double pulsed Nd:YAG laser (Solo PIV III from New Wave Research) and the images were acquired through a digital CCD camera (Flow Sense 2M from Dantec Dynamics coupled with a Nikon AF Micro 60 mm lens). FlowManager v4.60 software (Dantec Dynamics) was used to acquire and process the images.
The experimental results obtained with the Newtonian fluid were simulated numerically using a finite-volume method. Details of the numerical technique and the meshes used in the simulations are described elsewhere [5] .
RESULTS AND DISCUSSION
The effect of inertia on the Newtonian fluid flow behavior is similar for all expansion ratios studied. The Reynolds number is defined asRci = pUi(2IIi)/r], where U-i is the average axial velocity in the upstream square channel of width IHi. At low Reynolds numbers, a Moffatt comer vortex is observed near the comer. Increasing Re leads to an increase of the vortex length, defined as the distance from the expansion plane to the top of the recirculation. In Figure 1 a) and b) we present experimental and numerically obtained streak line images at the center plane of the square channel for ER = 4 and 8, respectively, showing that the experimental results are well captured by the numerical predictions. To further attest this, in Figure 1 c) , we compare experimental and numerical axial velocity profiles along the centerline. Note that near the expansion plane (x/(2//i) = 0), some experimental points are not represented because, during the PIV experiments, when the laser light sheet illuminates the measuring plane of the square duct, there was a shade upstream the expansion plane which leads to a reduction of the visibility of tracer particles, and therefore to a significant reduction of the precision of the PIV results in this region of the flow. Once again, the experimental results are in good agreement with those obtained from numerical simulations. A detailed investigation of the flow at several planes from the center plane to the wall of the channel was also carried out. The results obtained, not shown here due to space limitations, demonstrate that the flow through a square-square expansion is highly three-dimensional in nature and exhibits a complex open vortical structure. A detailed description of this flow behavior was reported previously for a 1:4 SQ/SQ expansion [2] .
